Introduction
Human immunodeficiency virus type 1 (HIV-1) p24 is a nonglycosylated 231-amino-acid protein that forms the conical core of the HIV-1 virus encapsulating the genomic RNAnucleocapsid complex. In HIV-1-infected mammalian cells, p24 is synthesized as part of a polyprotein precursor, known as Pr55Gag, which is cleaved by the viral protease into four mature major Gag proteins: p17 matrix protein (MA), core antigen or capsid protein (CA-p24), nucleocapsid protein (NC-p7) and p6 (Freed, 1998; Obregon et al ., 2006) .
International AIDS Vaccine Initiative, 2006 , 2006 Nkolola and Essex, 2006) . In addition, immunization and challenge studies in cats have demonstrated that HIV-1 p24 confers significant cross-protection against feline immunodeficiency virus, probably via a T-cell-mediated response (Coleman et al ., 2005) .
HIV-1 p24 can be expressed and purified from recombinant expression systems, such as Escherichia coli Hausdorf et al ., 1994; Narciandi et al ., 2006) and insect cells (Mills and Jones, 1990; Gay et al ., 1998) . Reported yields of purified recombinant p24 protein from E. coli are 12 mg/L (Hausdorf et al ., 1994) . In insect cell cultures, recombinant p24 has been reported to accumulate to 50 mg/L. Plants are an attractive system for the production of injectable recombinant proteins as they do not harbour viruses or prions that are pathogenic in humans. Tobacco is a non-food crop in which leaf tissue may be harvested for protein production prior to flowering and seed set .
For these reasons, tobacco is more attractive in terms of transgene containment than are plant protein production systems based on food crops, such as maize and rice, where the recombinant proteins are extracted from seed. Transgene containment is likely to be a particularly important issue for plants transformed or transfected with HIV antigen genes.
There have been reports of the expression of HIV-1 p24 protein in transgenic tobacco (Zhang et al ., 2002; Obregon et al ., 2006) and in tobacco transfected with engineered tobacco mosaic virus (TMV) (Zhang et al ., 2000; Pérez-Filgueira et al ., 2004) . p24 accumulated to approximately 35 μ g/g leaf fresh weight [0.35% total soluble protein (TSP)] in transgenic tobacco (Zhang et al ., 2000) and to 80 μ g/g leaf fresh weight (~0.8% TSP) using TMV transfection (Pérez-Filgueira et al ., 2004) . However, with both nuclear transformation and viral transfection, there is a risk of transgene escape.
The use of plastid transformation for the high-level expression of recombinant therapeutic proteins is now well established (Staub et al ., 2000; Daniell et al ., 2001; Tregoning et al ., 2003; Birch-Machin et al ., 2004; Molina et al ., 2004; Watson et al ., 2004; Koya et al ., 2005; Daniell, 2006; Glenz et al ., 2006; Arlen et al ., 2007; Chebolu and Daniell, 2007) . Chloroplast transformation has many advantages over other plant recombinant protein production systems, particularly for the production of non-glycosylated proteins (Maliga, 2002 (Maliga, , 2003 Daniell, 2006) . The principal advantage of this technology is that, unlike most cases of nuclear transformation, commercially viable yields of recombinant therapeutic protein, e.g. 25% TSP for tetanus toxin fragment C vaccine (Tregoning et al ., 2003) , can be obtained through stable chloroplast transformation. Furthermore, recombinant proteins expressed via plant nuclear transformation or viral transfection can potentially be glycosylated with allergenic non-mammalian glycans (Sriraman et al ., 2004) . Recombinant proteins produced by chloroplast transformation are not glycosylated. Chloroplast transformation also provides a transgene containment advantage as, unlike nuclear genomes, chloroplast genomes are transmitted with negligible frequency in the pollen of most plant species (Ruf et al ., 2007; Svab and Maliga, 2007) .
As p24 is an HIV-1 antigen, production in plants is likely to be required to be in contained glasshouses and not in the field. This limitation of space means that the optimization of the yield of intact functional protein per unit floor area per unit time prior to flowering is a major objective for the production of p24 and other proteins that have similar containment requirements. So far, chloroplast transformation for the production of recombinant proteins has mainly been carried out in the small-leaved tobacco variety Petite Havana.
This is largely because of the ease of chloroplast transformation of this variety. However, Petite Havana may not be ideal for recombinant protein production as it produces relatively small amounts (100-200 g) of leaf biomass prior to flowering.
It is also a day-neutral variety, so that flowering cannot be controlled by manipulation of the day length.
Maryland Mammoth is potentially an excellent candidate for the production of pharmaceutical proteins in chloroplasts.
It is a large tobacco variety that can grow to over 3 m in height and produces 1-2 kg of leaf biomass per plant prior to flowering. In addition, Maryland Mammoth is a short-day flowering variety, so that flowering is inhibited if the photoperiod is more than 14 h Allard, 1920, 1923) .
In this article, we describe an assessment of two different chloroplast transformation constructs for the production of p24 in the high-biomass variety Maryland Mammoth. was recognized by a conformation-dependent monoclonal antibody to p24, and p24 protein, with no detectable post-translational modification, could be readily purified from leaves using a simple procedure that did not employ an affinity tag.
Results

Expression constructs
Two tobacco chloroplast transformation DNA constructs, pZSJH1p24 and pZF5 (Figure 1 ), were assessed for the expression of p24 protein in Maryland Mammoth. pZSJH1p24
consists of native BH10 strain HIV-1 p24 cDNA (accession number M15654) (Mills and Jones, 1990) , linked to P rrn with the rbcL 5 ′ untransformed region (5 ′ UTR) and the E. coli rrnB 3 ′ UTR (T rrnB ) (Amann and Brosius, 1985) , and inserted into a polylinker in pZSJH1 (a modified version of pZS197) (BirchMachin et al ., 2004) . This adds an extra three amino acid residues (methionine-asparagine-serine, Met-Asn-Ser) to the N-terminus of the p24 protein. This vector targets genes to the intergenic spacer between the rbcL and accD genes in the large single-copy region of the chloroplast genome. The p24 gene is in the opposite orientation to the aadA gene, such that these two genes are convergently transcribed. This format has been used previously for the expression of the bovine rotavirus VP6 cDNA (Birch-Machin et al., 2004) and green fluorescent protein (GFP) (Newell et al., 2003) . pZF5 contains a synthetic chloroplast-codon-optimized HIV-1 p24 gene (p24-cco) (accession number EU670669) linked via NheI and BamHI sites to the promoter sequence Prrn-T7g10 and rbcL 3′UTR, as described previously for pHK40 (Kuroda and Maliga, 2001) , and inserted into the multiple cloning site of pRB95 (Ruf et al., 2001) . The introduced genes are targeted to the intergenic spacer between the trnfM and trnG genes in the large single-copy region of the chloroplast genome. As a result of cloning, the p24-cco gene codes for an extra five amino acids (methionine-alanine-serine-glycine-serine, Met-Ala-Ser-Gly-Ser) at the N-terminus and an extra two amino acids (glutamic acid and phenylalanine, Glu and Phe) before the last amino acid (leucine, Leu) at the C-terminus of the p24-cco protein. The p24-cco gene is in the opposite orientation to the selectable marker gene, aadA, such that the two genes are divergently transcribed.
Chloroplast transformation
Chloroplast transformation of Maryland Mammoth was achieved with similar transformation frequencies to those obtained with Petite Havana when leaves from internodal cuttings propagated in vitro were bombarded. However, initial attempts to transform chloroplasts of Maryland Mammoth were unsuccessful when leaves from plants grown from seed in vitro were bombarded. The bombardment of Figure 1 Chloroplast transformation constructs pZSJH1p24 and pZF5. Filled black boxes represent tobacco chloroplast genes. In pZSJH1p24, the native human immunodeficiency type 1 (HIV-1) p24 cDNA, with the chimeric rrn promoter (Prrn) and Escherichia coli rrnB terminator (TrrnB), was inserted just downstream of the chimeric aadA selectable marker gene in pZS197 (Svab and Maliga, 1993) . In pZF5, a synthetic chloroplast-codon-optimized HIV-1 p24 gene (p24-cco), with the rrn promoter + T7g10 leader (Prrn-T7g10) and the rbcL terminator (TrbcL), was inserted upstream of aadA in pRB95 (Ruf et al., 2001) . Genes above the line are transcribed from left to right; genes below the line are transcribed from right to left. The expected restriction enzyme digestion fragment sizes in transformed and non-transformed (wild-type, WT) chloroplast genomes are indicated by double ended arrows. 
Analysis of transgene integration
The confirmation of the insertion of the p24 expression con- and/or the mitochondrion (Hager et al., 1999; Ruf et al., 2000) . amplified from pZF5-green and pZF5-yellow plants (Figure 3d ), confirming that the predicted 21-kb circle was more abundant in pZF5-yellow than pZF5-green plants. Sequencing of the PCR2 product, using a forward primer that bound to the 3′ end of the p24-cco gene, confirmed that the accD gene was adjacent to the p24-cco gene in the putative 138-kb circle.
Similarly, sequencing of the PCR3 product using a forward primer specific for the 3′ end of rbcL and a primer specific for the start of trnfM confirmed that accD was adjacent to p24-cco in the putative 21-kb circle. PCR amplification products
were not visible when primer combinations PCR1-4 were used to analyse DNA extracted from vector-only control Maryland
Mammoth plants transformed with pRB95 (data not shown), eliminating the possibility of template switching.
Analysis of Prrn promoters in pZF5-green and pZF5-yellow plants
A 42-bp deletion in the Prrn promoter that drives the aadA gene has been detected in the pZF5 DNA construct in E. coli (Zhou et al., 2008) . 
Analysis of p24 accumulation and stability
In pZF5-yellow plants, the p24 protein was usually visible after sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining of 30 μg of crude soluble protein extract from young and mature leaves (data not shown). p24 was not detectable, even by Western blot, in spectinomycin-resistant T 1 pZF5-green plants that contained the p24 gene at the correct insertion site as shown by Southern analysis (Figure 3b ). This lack of expression was probably a result of the deleted Prrn promoter driving the p24-cco gene in these plants. In pZSJH1p24 plants, p24 was detectable by Western blot, but was not usually visible on a Coomassie blue-stained gel. To further determine the difference in stability of p24 and p24-cco, the accumulation of these proteins was monitored in a single leaf from a pZSJH1p24 and pZF5 plant, respectively, over a 19-day period (Figure 5c ). This showed that, in the pZSJH1p24 leaf, there was a significant decrease in p24
to undetectable levels by day 19, whereas, in the pZF5-yellow leaf, p24-cco protein accumulation was relatively stable. This stability suggests that Maryland Mammoth pZF5-yellow plants are likely to be a good source of p24 protein for purification.
Purification of p24 protein from pZF5-yellow plants
A purification procedure based on the method described by Prongay et al. (1990) was established to determine the properties of the chloroplast-expressed p24 protein in leaves of 
Discussion
This study has shown that the high-level expression of a chloroplast-codon-optimized gene for HIV-1 p24 protein occurs in all leaves of mature Maryland Mammoth plants, providing gram-scale amounts of protein from a single plant.
Purification of the protein and characterization by mass spectrometry showed that p24 protein expressed in tobacco chloroplasts is not modified by glycosylation or phosphorylation, and is therefore a good candidate as an injectable HIV-1 antigen.
There are surprisingly few published reports of chloroplast transformation of tobacco varieties other than the small variety Petite Havana. This is possibly the result of the low transformation frequencies that have been obtained with several other tobacco varieties. Chloroplast transformation of the TMV-resistant variety Samsun with an aadA gene was used for insertional inactivation of the ycf 9 gene (Mäenpää et al., 2000) . Chloroplast-transformed Samsun and the nicotine-free variety 22X-1 (derived from the commercial variety K327) have also been used to express a thermostable microbial cellulase (Yu et al., 2007) . The expression of human interferon-α was compared between Petite Havana and a low-nicotine variety tobacco (Arlen et al., 2007) . Trehalose phosphate synthase has been expressed in tobacco cultivars Xanthi and Burley (Lee et al., 2003) . For Maryland Mammoth, the seemingly trivial step of initiating plants from nodal cuttings rather than directly from seed was necessary to generate leaves that were transformable. This step may be applicable to other tobacco varieties that are either recalcitrant to chloroplast transformation or give very low transformation frequencies.
Yields of p24 in Maryland Mammoth leaves obtained by chloroplast transformation were up to 450 μg/g fresh weight (equivalent to ~4.5% TSP). This is similar to the amounts accumulated in young leaves of Petite Havana (Zhou et al., 2008) , currently being tested in mice. As for human somatotrophin (Staub et al., 2000) , a ubiquitin fusion strategy could be used to achieve p24 with a non-modified N-terminus (i.e. Pro), although such a protein may be unstable in leaves.
The difference in the patterns of accumulation of p24-cco protein in pZF5-yellow plants and of p24 in pZSJH1p24 plants is intriguing and could be the result of a number of factors,
although protein stability appears to be the major determinant.
Differences in the 5′UTRs upstream of the p24 and p24-cco genes may result in different rates of translation of the transcripts from the two genes. Both genes were under the control of Prrn, but the p24-cco coding region in pZF5 was preceded by the T7g10 leader, whereas the p24 coding region in pZSJH1p24 was preceded by part of the rbcL 5′UTR.
The T7g10 leader has been used in constructs for the highlevel accumulation of neomycin phosphotransferase (23% TSP) (Kuroda and Maliga, 2001 ) and human somatotrophin (7% TSP) (Staub et al., 2000) . However, when systematic comparisons were carried out, the T7g10 leader did not produce higher levels of β-glucuronidase (GUS) (Herz et al., 2005) or p24 protein expression in plastids (Zhou et al., 2008) .
The loss of p24 protein in leaves of pZSJH1p24 plants suggests that this protein is degraded as the leaves age, whereas the p24-cco protein is stable in the leaves of pZF5-yellow plants.
It was initially thought that the most likely explanation for the differences in protein stability was the difference between the N-terminal sequences of p24 and p24-cco. The p24 gene in pZSJH1p24 codes for Met-Asn at the N-terminus, whereas the p24-cco gene in pZF5 codes for Met-Ala. According to the 'N-end rule', certain N-terminal amino acid residues can have a destabilizing effect on a protein, whereas others have a stabilizing effect (Baker and Varshavsky, 1991) . N-terminal sequencing of p24-cco purified from pZF5-yellow plants showed that the N-terminal amino acid was Ala. The initiating N-formylmethionine residue was probably removed from p24-cco by the sequential action of peptide deformylase and methionine aminopeptidase (MAP). This occurs in about 55% of plastid-encoded proteins (Giglione and Meinnel, 2001) . N-terminal Met excision by MAP occurs if the second residue in the target chain is Ala, Gly, Pro, cysteine (Cys), Ser, threonine (Thr) or valine (Val) (Giglione et al., 2003) . These amino acids have short side-chains. Met is retained if the second amino acid has a long side-chain, as in Asn, arginine (Arg), aspartic acid (Asp), Glu, isoleucine (Ile), Leu and lysine (Lys). On this basis, the predicted N-termini would be Ala for p24-cco and Met for p24. Although both Ala and Met are stabilizing N-terminal amino acids for certain proteins (Mogk et al., 2007) , N-terminal Met excision is crucial for stabilizing chloroplast-encoded proteins, such as the photosystem II D2
subunit (Giglione et al., 2003) . Retention of the N-terminal Met in D2 by substituting the second amino acid (Thr2Asp or Thr2Glu), so that MAP activity was prevented, severely reduced protein stability (Giglione et al., 2003) . However, Nterminal sequencing of p24 expressed in pSZJH1p24 plants showed that having Asn as the second amino acid in the p24 sequence does not appear to prevent N-terminal Met excision.
Nevertheless, plastid-expressed rotavirus VP6 protein produced from the same pZSJH1 vector as p24, and thus coding for the same N-terminus as p24 (Met-Asn-Ser), was also found to be unstable in tobacco leaves (Birch-Machin et al., 2004) .
Extension of the N-terminus of plastid-expressed GUS with
Met-Ala-Ser-Ile-Ser enhanced protein accumulation by an order of magnitude from 0.77% TSP without the N-terminal extension to 8.8% TSP with the extension (Herz et al., 2005) .
However, plastid-expressed GFP with Met-Asn-Ser at the Nterminus, by expression from a pZSJH1 vector, was stable and accumulated at detectable levels in all leaves of a flowering tobacco plant (Newell et al., 2003; data not shown) . This indicates that the putative destabilizing effect of Met-Asn-Ser at the N-terminus does not necessarily apply to all proteins.
Recombination between the two 141-bp rbcL 3′UTRs in direct orientation in pZF5 plants has not been reported previously, and was not detected when the same vector format was used for high-level expression of a p24-Nef fusion protein in Petite Havana (Zhou et al., 2008) . rbcL 3′UTRs have also been used previously for the expression of TetC from the trnV/rps12/7 intergenic spacer in the inverted repeat region of the chloroplast genome, and recombination with the native rbcL 3′UTR was not reported (Tregoning et al., 2003) .
The 21-kb proximity of the native chloroplast rbcL gene to the trnG/trnfM intergenic spacer insertion site may be related to recombination between the introduced and native rbcL 3′UTRs in pZF5 plants. However, the proximity of repeated sequences on the same chloroplast genome does not necessarily increase the likelihood of their recombination. Recombination causing a large inversion between an introduced psbA 3′UTR in the rbcL/accD intergenic spacer and native psbA 3′UTRs in transformed chloroplast genomes has also been reported, despite their separation by nearly 60 kb (Rogalski et al., 2006) .
A similar deletion event to that described for the present work was reported by Kode et al. (2006) . In that case, recombination between direct 649-bp repeats of the native and an introduced atpB gene promoter region led to the excision of a 6.1-kb section of a transformed chloroplast genome.
Plastid extrachromosomal elements resulting from chloroplast transformation have been described previously, but these were maintained by antibiotic selection (Staub and Maliga, 1994; Ahlert et al., 2003; Kode et al., 2006) . were yellow and slow growing, whereas plants transformed with tetC-GC were normal (Tregoning et al., 2003) . The different phenotypes in this case were ascribed to a two-fold increase in percentage TSP of the recombinant TetC. In the present study, the pZF5-yellow phenotype is probably not caused by the level of p24-cco accumulation, as older pZF5-yellow leaves contained less than 2.5% TSP and remained yellow.
It is interesting that, in pZF5-green plants, the degree of recombination between the rbcL 3′UTR repeats was reduced Mammoth. In addition, improvements in the purification of p24 are needed to produce protein of high purity in high yield. However, the prospects for an improved production platform for the large-scale production of pharmaceutical proteins in plants appear to be very good.
Experimental procedures
Plant material
Nicotiana tabacum cv. Maryland Mammoth seeds were obtained from IPK Gatersleben, Germany.
p24 constructs pZF5 and pZSJH1p24 construction has been described in Zhou et al. (2008) . The sequence of the p24-cco gene used in pZF5 is available under GENBANK accession number EU670669. The sequence of the p24 gene used in pZSJH1p24 is available under GENBANK accession number KO3455.1 (nucleotides 1186-1878).
Chloroplast transformation
Seeds were surface sterilized in 20% domestic bleach for 10 min, rinsed three times with sterile distilled water and then allowed to germinate in the light on half-strength Murashige and Skoog (MS) salts and vitamins, 1% sucrose and 0.7% Phytagar (Duchefa, Biochemie BV, Haarlem, the Netherlands). After germination, seedlings were transferred to an agar medium containing full-strength MS salts and B5 vitamins (Duchefa). When plants were at the four-or five-leaf stage, they were cut into several nodal sections and re-rooted on agar medium containing MS salts and B5 vitamins. Leaves (length, 3-5 cm) from plants derived from nodal cuttings were used for bombardment. Chloroplast transformation was carried out as described by BirchMachin et al. (2004) . Spectinomycin-resistant shoots were screened for the insertion of the aadA gene and the gene of interest by longrange PCR, as described below. Shoots identified as transformants were subjected to a further three rounds of regeneration on 500 mg/L spectinomycin; T 0 plants were then transferred to soil and allowed to self-pollinate and set seed. To determine homoplasmy, approximately 300-400 T 1 seeds were surface sterilized and germinated on agar medium containing half-strength MS and 1% sucrose supplemented with 500 mg/L spectinomycin dihydrochloride pentahydrate (Duchefa). The absence of segregation of spectinomycin resistance was considered as confirmation of homoplasmy.
PCR analysis
pZF5 plants were screened by long-range PCR for insertion of the p24-cco and aadA genes into the intergenic spacer between trnfM and trnG in the chloroplast genome (Figure 1 ) using primers psaB (5′-TTCTTCGTAGGTCATTTGTGGC-3′) and psbC (5′-CATTTATTTT-TCTCGTTGCTGGTCAT-3′), and for short-range PCR using primers psaB and aadAP6 (5′-AGCAAATCAATATCACTGTGTGGC-3′). Primers psaB and pcbC bind to sequences on the tobacco chloroplast genome external to the chloroplast sequence in pZF5, which is derived from pRB95 (Ruf et al., 2001) , and amplify a product corresponding to nucleotide positions 36 808 to 40 342 on the tobacco chloroplast genome (Wakasugi et al., 1998) . aadAP6 binds in reverse orientation just upstream of the Prrn promoter on the aadA gene. pZSJH1p24 plants were screened for insertion of the p24 gene and the aadA gene into the intergenic spacer between the rbcL and accD genes on the tobacco chloroplast genome by long-range PCR using primers rbcL (5′-CCTCAACCTGGAGTTCCACCTGAAGAAGCAGGG-3′) and accD (5′-GCTGTCACTCCACCAGTTGTCGGAGATGTAAGG-3′), and by short-range PCR using primers rbcL and aadAP6. Primers rbcL and accD bind to sequences on the tobacco chloroplast genome external to the chloroplast sequence in pZSJH1p24, which is derived from pZS197 (Svab and Maliga, 1993) , and amplify a product corresponding to nucleotide positions 57 724 to 61 081 on the tobacco chloroplast genome. PCR was carried out using AccuTaq (SigmaAldrich, St. Louis, MO, USA) according to the manufacturer's instructions. PCR conditions for all primer combinations were 39 cycles of 98 °C (30 s), 55 °C (30 s), 68 °C (1 min per kb of expected amplification product), followed by an extension step at 68 °C (10 min). Total DNA (1 μL), extracted from leaves using the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma), was used as template in each 50-μL reaction.
For the analysis of possible recombination products in pZF5 plants, primer combinations were as follows: PCR1, primers accD and rbcL; PCR2, primers accD and aadAP6; PCR3, primers rps14.2 (5′-CATTAT-GGCAAGGAAAAGTT-3′) and rbcL; PCR4, primers rps14.2 and rbcLF6 (5′-GGCTGAAACAGGTGAAATCAAAGG-3′). rbcLF6 binds approximately 600 bp downstream of the start of rbcL. PCR1-4 were carried out using AccuTaq (Sigma) according to the manufacturer's instructions, with 35 cycles of 98 °C (30 s), 55 °C (30 s), 68 °C (5 min), followed by an extension step at 68 °C (7 min). A 1 : 20 dilution of total DNA, extracted from leaves using the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma), was used as template in each 50-μL reaction.
For sequencing orientation of Prrn promoters in the 'flip-flop' recombination, primers P24-cco (5′-CCTTCAGATAAAGCAGAAAA-CATAGGAATTACTTCAGGA-3′) and aadAP6 were used to amplify the promoter region. The PCR product was cloned into a PCR cloning vector (PCR2.1 TOPO, Invitrogen Corporation, Carlsbad, CA, USA), and end sequenced using M13 forward and reverse primers.
For quantitative PCR, RNA was extracted from leaves using Tri Reagent ® (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. First-strand cDNA synthesis was performed using SuperScript III™ (Invitrogen), according to the manufacturer's instructions, with oligo(dT) 20 (2.5 μM) and random hexamers (2.5 ng/μL). Real-time PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) on a Chromo 4 real-time PCR instrument (MJ Research, Inc., South San Francisco, USA). Primers 5′-CTTTATCTGAAGGAGCTACTCCTC-3′ and 5′-GTCCAGGAGCAATAGGTCCAGCAT-3′ were used to amplify the p24-cco transcript cDNA, and primers 5′-GAGCGCCATCTCG-AACCGACGTTGC-3′ and 5′-GACTTCTACAGCGCGGAGAATCTC-3′ were used to amplify the aadA transcript cDNA.
Southern blot analysis
Non-radioactive Southern blot analysis was performed as described by McCabe et al. (1997) , except that DNA was prepared according to Frey (1999) . For pZF5 plants, a probe specific for the synthetic p24-cco gene in pZF5 was prepared by PCR DIG probe synthesis from pZF5 template using the primers 5′-CATATGGCTAGCGGATC-CCCTATT-3′ and 5′-tctagaggaattctactcagctttatgtc-3′. A probe specific for the tobacco chloroplast rps14 gene was also prepared by PCR DIG probe synthesis from pZF5 template using the primers 5′-AAACAAGATGTTGCGGAGAC-3′ and 5′-CATTATGGCAAGGAAAA-GTT-3′. These amplify a product corresponding to nucleotides 38 365 to 38 885 on the tobacco chloroplast genome. For pZSJH1p24 plants, probes specific for the tobacco chloroplast accD and rbcL genes were prepared by PCR DIG probe synthesis from pZSJH1p24 template. Primers 5′-TTTATTCGGCGTTAAAGA-CATTCG-3′ and 5′-TCCATAACAATTTTCGCATTGAACC-3′ amplify a product corresponding to nucleotides 60 026 to 60 524 in the accD gene, and primers 5′-GGCTGAAACAGGTGAAATCAAAGG-3′ and 5′-TCCTAAAGTTCCTCCACCGAACTG-3′ amplify a product corresponding to nucleotides 58 281 to 58 795 in the tobacco chloroplast genome.
Protein immunoblot analysis
Proteins were extracted from leaves by homogenization in cold protein extraction buffer [50 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulphonic acid (HEPES)/KOH pH 7.5, 1 mM disodium ethylenediaminetetraacetate, 10 mM potassium acetate, 5 mM magnesium acetate, 2 mM phenylmethylsulphonylfluoride (PMSF), 30 mM 2-mercaptoethanol] using 4 mL of extraction buffer for every 1 g of leaf tissue (typically 100 mg of leaf tissue in 400 μL of buffer). Proteins were subjected to SDS-PAGE with a 12% resolving gel and a 5% stacking gel, and then transferred to Optitran BA-S85 reinforced nitrocellulose (Whatman/GE Healthcare, Maidstone, Kent, UK) using a Trans-blot SD semi-dry transfer cell (Bio-Rad Laboratories, Hercules, CA, USA). The blots were incubated at room temperature for 1 h in blocking solution (phosphate-buffered saline, 0.1% Tween 20, 2% non-fat dried milk), and then overnight at 4 °C in sheep polyclonal anti-HIV-1-p24 antibody (code no. D7320, Aalto Bioreagents, Dublin, Ireland) diluted to 1 : 500 in blocking solution. The blots were then washed in phosphate-buffered saline (PBS) and 0.1% Tween 20, and incubated in horseradish peroxidase-conjugated sheep anti-goat monoclonal antibody (code A9452, Sigma) diluted to 1 : 1000 in blocking solution. The blots were then developed by chemiluminescence and exposed to BioMax Light Film (Eastman Kodak, Rochester, NY, USA).
ELISA
Leaves (100 mg) were homogenized in 400 μL of protein extraction buffer [2.5% bovine serum albumin (BSA), 0.1% Tween 20, 2 mM PMSF, 30 mM 2-mercaptoethanol]. Maxisorp 96-well microplates (Nunc/Thermo Fisher Scientific, Rockford, IL, USA) were coated overnight at 4 °C with 50 μL of sheep polyclonal anti-HIV-1-p24 antibody (code no. D7320, Aalto Bioreagents) diluted at a concentration of 7.5 μg/mL in 100 mM sodium carbonate/bicarbonate buffer pH 9.6. The wells were washed three times with 0.1% Tween 20/PBS and then blocked with 200 μL of blocking solution (2.5% BSA/PBS without Tween) for 2 h at 37 °C (or overnight at 4 °C). Blocking solution was removed by inverting the plate, and replaced with 100 μL of leaf protein extract diluted 1 : 200 in 2.5% BSA/PBS. After incubation for 2 h at 37 °C, the wells were washed four times with 0.1% Tween 20/PBS. Conformation-dependent biotinylated anti-p24 (code no. BC1071-BIOT, Aalto Bioreagents), diluted 1 : 500 in 2.5% BSA/PBS, was then added to each well, and the plate was incubated at 37 °C for 1 h. After four washes with 0.1% Tween 20/PBS, 100 μL streptavidin-alkaline phosphatase conjugate (Hoffmann-La Roche, Basel, Switzerland), diluted to 1 : 1000 in 2.5% BSA/PBS, was added to the wells, and the plate was incubated for 30 min at 37 °C. The wells were then emptied and washed four times with 0.1% Tween 20/PBS, and 200 μL of p-nitrophenyl phosphate (1.0 mg/mL), prepared with SIGMAFAST tablets according to the manufacturer (Sigma), were added. The plate was incubated at room temperature for 10 min, and colour development was stopped by the addition of 100 μL of 1 M sodium hydroxide. Optical densities were read at 405 nm on an MWG Lambda Scan 200 (MWG, Ebersberg, Germany). Amounts of p24 in leaf extracts were determined by comparison with recombinant HIV-1 p24 purified from E. coli (code no. AG6054, Aalto Bioreagents) using concentration values indicated by the supplier. To calculate the amount of p24 as percentage TSP, the amount of total protein in leaf extracts was measured using the Bio-Rad protein assay, with BSA as a standard, according to the manufacturer's instructions. 1 mM disodium ethylenediaminetetracetate, 10 mM potassium acetate, 5 mM magnesium acetate, 2 mM PMSF, 30 mM 2-mercaptoethanol). For proteins analysed by mass spectrometry, Halt Protease Inhibitor Cocktail (Pierce) and Halt Phosphatase Inhibitor Cocktail (Pierce) were added, according to the manufacturer's instructions. The homogenate was filtered through miracloth and centrifuged at 16 000 g at 4 °C for 30 min. Ammonium sulphate was then slowly added to the supernatant to a concentration of 176 g/L with continuous stirring. The solution was incubated on ice for 2 h and then centrifuged for 30 min at 16 000 g. The supernatant was discarded and the pelleted protein was resuspended in 10 mL of 50 mM Tris-HCl pH 8.0, 30 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) and 2 mM PMSF. The protein solution was passed through a DE52 cellulose column (1 cm × 7 cm), buffer exchanged by concentrating to 2 mL in a 15-mL Amicon Ultra centrifugal filter (Amicon/Millipore Coporation, Billerica, MA, USA) with a 10-kDa cut-off (Millipore), and then resuspended in 15 mL of 10 mM sodium citrate/citric acid buffer pH 4.5. Concentration and resuspension were repeated four times. The final concentration was to 2 mL. Alternatively, the pelleted protein was resuspended directly in 10 mM sodium citrate/citric acid buffer pH 4.5, and then desalted by four 7.5-fold concentrations and resuspensions in 10 mM sodium citrate/ citric acid buffer pH 4.5 using a 15-mL Amicon Ultra centrifugal filter with a 10-kDa cut-off (Millipore). The solution was then passed through a 0.45-μm filter and loaded on to 500-μL capacity Mono S-Sepharose cation-exchange spin columns, according to the manufacturer's instructions (Sartorius-Vivascience, Aubagne, France). The protein was eluted from the spin column by the step-wise addition of 10 mM sodium citrate/citric acid buffers of increasing pH, according to the manufacturer's instructions.
N-terminal sequencing and mass spectrometry
Pure protein (~50 pmol) was transferred to poly(vinylidene difluoride) (PVDF) membrane by semi-dry blotting, and the membrane was stained with Coomassie blue to locate the protein. The N-terminal sequence of the blotted protein was determined by Edman degradation at the Protein and Nucleic Acid Chemistry Facility (PNAC), Department of Biochemistry, University of Cambridge, Cambridge, UK. Mass determination of chloroplast-derived p24-cco protein in solution was obtained by electrospray ionization mass spectrometry conducted on a high-mass quadrupole time-of-flight instrument adapted for a QSTAR XL platform (ESI-TOF-MS Q-STAR, ABI/MDS Sciex, South San Francisco, USA) at the Department of Chemistry, University of Cambridge, Cambridge, UK. Peptide analysis on tryptic digests of p24-cco was performed by nano-LC-MALDI-TOF-MS, also at the Department of Chemistry, University of Cambridge, Cambridge, UK, and MALDI-TOF-MS at the Mass Spectrometry Unit, Biology Department, National University of Ireland Maynooth, Maynooth, Co. Kildare, Ireland.
